Abstract: This paper describes the practical application of the receptance method for active vibration control of real structures. The method uses in general the measured transfer function between the input/output data including the dynamics of the actuators and sensors. Therefore, it does not require knowledge or evaluation of the system matrices M, C, K, which usually contain modeling errors. This would be the main advantage over conventional matrix methods. The method is developed for partial pole placement and robust pole placement. The receptance method is applied to a modular test structure, which can have different configurations, in which one of these configurations in the form of 'an 'H' is presented in this paper. The vibration modes including the torsional modes were controlled using the single-input state feedback control. The method is also applied to an Agusta-Westland W30 helicopter airframe in the vibrations test house at Yeovil.
INTRODUCTION
Numerous techniques and algorithms have been developed for active vibration control, many of which are described in well-known texts including Inman (1989) , Preumont (2002) , Fuller et al. (1996) , and the review paper of Mottershead and Ram (2006) . Ram and Mottershead (2007) developed a method based entirely on measured vibration data, having significant modelling advantages over conventional matrix methods, including no requirement to know or to evaluate the M, C, K matrices, no need for the estimation of the unmeasured state and no need for model reduction. This approach was developed in a series of papers by Mottershead et al. (2008) and (2009) , including full implementation in experiments. Ghandchi developed the method for robust pole placement, in which the assigned poles of the system were made robust to the changes in the measured receptance terms by minimizing the sensitivity equations. Datta et al. (1997) proposed partial pole assignment as a solution to the problem of spillover in structural control problems and this was developed for the receptance-based approach by Ghandchi Tehrani et al. (2010) . In Datta's paper those eigenvalues that remained unchanged from the open-loop condition were made unobservable whereas in Ghandchi Tehrani's approach they became uncontrollable. The receptance method was applied to an Agusta-Westland W30 helicopter in a ground vibration test as presented by Mottershead et al. (2011) . In this paper an overview of the receptance method in active vibration control is presented. The theory is demonstrated by numerical as well as experimental results.
THEORY: SINGLE INPUT STATE FEEDBACK
We consider the case of single-input state feedback, and write the second-order matrix equation as,
where
is the control input and   
By combining equations (1) and (2) it is seen that,
4) which amounts to a rank-1 modification to the dynamic stiffness matrix. The Sherman-Morrison formula Golub and Van Loan (1983) gives the inverse of a matrix with a rank-1 modification in terms of the inverse of the original matrix. Thus the closedloop receptance matrix is found to be,
where,
The characteristic polynomial of the closed-loop system is   
so that for each characteristic equation,
The set of n 2 equations with n 2 unknowns may be written in matrix form, (4), modal controllability and observability conditions may be derived from,
The right-hand-side vanishes whenever
unobservability condition by Datta et al. (1997) . We notice that under either of these conditions the eigenvalue k  remains unchanged by control action. In the experiments, partial pole placement is achieved by invoking the uncontrollability condition.
Numerical Example. Consider the following four degree-offreedom M, C, K system, 
We wish to assign the first two pairs of poles while the remaining poles are unchanged, In this case, We choose the first column so that, Figure 1 shows the open-loop and closed-loop receptance, where it can be seen that the first two peaks correspond to the four assigned poles and the second two peaks to the four retained poles. The height of the third peak has changed as a result of re-assigning the eigenvalues of the first two peaks but the two eigenvalues 
ROBUST POLE PLACEMENT
Robustness of the closed-loop poles to measurement uncertainty may be achieved by choosing g and f that minimize the sensitivities. The derivation of equation (12) is explained in detail in the paper by Ghandchi Tehrani et al. (2011) .
Numerical Example. We consider the three degree-offreedom system described by, The assignment is applied sequentially. The first pole is assigned followed by the second and then the third. At each step the previously assigned poles are deliberately made uncontrollable by the choice of   s b . Random perturbation of the measured   s H then results in eigenvalue distributions for both sequential multi-input without minimisation (denoted by grey points) and with minimisation of the sensitivities (black points) as shown in Figure 2 . The improvement in robustness to measurement noise is clear. The deterministic solution is given by the white point for each pole. 
Modular Test Structure : H-Configuration
The Liverpool modular structure in the 'H' configuration is shown in Figure 3 . Details of this structure, the test configuration, and measurements for estimating the receptance matrix may be found in the paper by Ghandchi Tehrani et al. (2010) . The receptance transfer function   s H was determined from the measured    i H by curve-fitting using the PolyMAX routine by Peeters et al (2004) .
Partial pole placement of the torsional modes. Poles were to be assigned at Figure 5 shows the W30 airframe, supported on its wheels with inflated tyres. The engines and main gearbox are mounted on a steel framework, which is itself supported by four elastomeric mounts on the roof of the cabin. An electrohydraulic actuator forms an integral part of the support system and imparts an internal force between the raft and the fuselage in parallel with each of the four elastomeric mounts as shown in Figure 6 . The LMS system was used for modal tests. The transfer functions were measured and the eigenvalues and the modeshapes were determined. The measured transfer functions were curve-fitted as shown in Figure 7 for two of the measured receptances.
Agusta-Westland W30 Helicopter Airframe

Fig 7. Examples of measured and curve-fitted receptances
The controller was designed to assign the poles of the system to the prescribed values using the theory of the receptance method. Real time implementation in dSPACE was carried out using gains   f g determined from two different curve fitting methods. The details of the experimental work are given in the paper by Mottershead et al. (2011) . The open-loop transfer function in Figure 8 is represented by the full (blue) line and the two closed-loop measurements are denoted by the dashed (red) and dot-dashed (green) lines for the two curvefits respectively. It can be seen that the two closed-loop tests are very similar. Curvefitting was applied to the closed-loop measured receptances in order to obtain the location of the closed-loop poles in the complex plane as shown in Figure 9 . The poles are assigned to the prescribed values using the determined control feedback gains.
CONCLUSIONS
The receptance method in active vibration suppression is described. It is seen that the eigenvalues of physical structures may be adjusted significantly in both frequency and damping.
